The use of degradable magnesium based implants is becoming clinically relevant, e.g. for the use as bone screws. Still there is a lack of analyzing techniques to characterize the in vitro degradation behavior of implant prototypes. The aim of this study was to design an in situ environment to continuously monitor the degradation processes under physiological conditions by time-lapse SRµCT. The use of physiological conditions was chosen to get a better approach to the in vivo situation, as it could be shown by many studies, that these conditions change on the one hand the degradation rate and on the other hand also the formed degradation products. The resulting in situ environment contains a closed bioreactor system to control and monitor the relevant parameters (37°C, 5 % O 2 , 20 % CO 2 ) and to grant sterility of the setup. A flow cell was designed and manufactured from polyether etherketone (PEEK), which was chosen because of the good mechanical properties, high thermal and chemical resistance and radiographic translucency. Sterilization of the system including the sample was reached by a transient flush with 70 % ethanol and subsequent replacement by physiological medium (Modified Eagle Medium alpha). As proof of principle it could be shown that the system remained sterile during a beamtime of several days and that the continuous SRµCT imaging was feasible.
INTRODUCTION
Research on magnesium and its alloys as biodegradable implant materials in vitro is hampered by various challenges: (I) the lack of standardizations concerning sample geometries and characterization methods as well as the need to extend available normatives to these sample classes [1] [2] [3] ; (II) the variety of methods for the determination of degradation rates (e.g. immersion tests, electrochemical methods, weight loss measurements etc.), and (III) the missing correlation between in vitro and in vivo results 4 , which can be approximated by the choice of solutions and the application of physiological conditions 5, 6 . Therefore momentarily only in vivo experiments are giving "real" values, although also the site of implantation and the used animal model will render different values 7 . In recent years the methodology to perform in vitro methods has been greatly improved including immersion under cell culture conditions (i.e. 37°C, 5 % CO 2 , 21 % O 2 , 95 % relative humidity and in cell culture medium). It could be shown that in cell culture environment degradation rates more similar to those observed in vivo could be obtained 8 . Moreover, in this artificial environment additional chemical reactions are taking place, which lead to a very complex degradation environment, also more comparable to the findings in vivo 5, 6, [9] [10] [11] .
Laboratory based and in vivo micro-computed tomography instruments (µCT) are used as a standard technique to follow the degradation behavior in vivo e.g. 12, [13] [14] [15] . Furthermore, several attempts were undertaken to analyze ex vivo samples by synchrotron radiation based microtomography [16] [17] [18] . However, these measurements are only end-point determinations and do not reveal the dynamics of the complex degradation behavior of magnesium materials.
It is generally agreed that microtomography is a valid technique for determining degradation rates. The advantage of this technique is that it is non-destructive, giving room for further analysis of the sample, for example by histology 19, 20 . The 3D-volume of the sample can be analyzed with high density and spatial resolution. Compared to laboratory X-ray sources, monochromatic X-ray sources at synchrotrons (SRµCT) can be used to achieve better density resolution in absorption contrast tomography 14, 16, 21 as well as much higher scan speeds. Since the absorption coefficient is proportional to the density of a material and to the cube of atomic number, this allows for distinguish areas with different effective atomic numbers. It is therefore the first choice for in situ measurements, although it is not easily accessible. Until now, it is restricted to end point measurements, i.e. after the immersion of the samples 22 . However, to shed a light on the degradation process itself it would be favorable to have a time resolved measurement. This could be obtained by repeated measurement and immersion cycles, but this approach is impractical, because it is time-consuming and may also lead to a change in the degradation behavior. The aim of our study therefore was to design an in situ chamber for synchrotron radiation-based time-lapse X-ray microtomography (SRµCT) with the following specifications: (I) the same conditions as used in cell culture environment should be obtainable; (II) an adjustable continuous flow for medium exchange should be established; (III) the system should be sterilizable and able to maintain sterile conditions during the experiment and (IV) the inclusion of different sensors for online monitoring of pH, CO 2 and O 2 should be possible.
MATERIALS AND METHODS

Beamlines
Experiments were performed at the storage ring DORIS III at the Deutsches Elektronen-Synchrotron DESY 23 . The tomography endstations of the beamlines BW2 and W2 were used, both operated by the Helmholtz-Zentrum Geesthacht HZG 24 . Tomograms at the BW2 beamline were taken using a photon energy of 18 keV, a field of view of 2.0 mm x 1.3 mm and a spatial resolution of 4.45 µm at a voxel size of 2.6 µm in the reconstructed volume. At the endstation W2 an energy of 23 keV was used with a field of view of 6.8 mm x 6.8 mm and a spatial resolution of 5.8 µm and a voxel size of 4.4 µm in the reconstructed volume. Both beamlines provided a hanging rotation stage which had to be taken into account for the design of the in situ corrosion cell. At the beamline BW2 scan duration for one tomogram was between ~ 160 to 340 minutes, whereas at beamline W2 faster scans (between 150 to 180 minutes) were possible.
In situ corrosion cell
For the design of the sample cell and its integration into the beamline instrument the following boundary conditions had to be taken into account: (I) the sample should be immersed in fluid all the time, (II) sterility should be granted, (III) the amount of the material other than the sample in the field of view (FOV) should be minimal, and (IV) during microtomography reference images (flat field) have to be recorded, which require a horizontal movement of the sample out of the FOV within the corrosion cell. Due to its good mechanical properties, high thermal and chemical resistance and radiographic translucency the chamber was manufactured from polyether ether ketone (PEEK, Arthur Krüger, Barsbüttel, Germany). Continuous sample immersion with a constant flow rate was obtained by placing an overflow edge in the chamber ( Figure 1 ). Medium inlet was placed below the outlet. To reach sterile conditions a continuous flow of argon has been established above the medium surface. A window for the x-ray beam had a reduced material thickness of 500 µm on both sides of the chamber. Horizontal movement of the rotation axis for reference images was established through a slit opening in the cover (made from stainless steel) and introducing a seal/gasket made from nitrile. Additional CO 2 and O 2 -sensors (PreSens GmbH) were inserted in the measuring chamber. 
Experimental setup
Besides the in situ chamber a bioreactor system (Vario 1000; Medorex e.k., Nörten-Hardenberg, Germany) was used to maintain a continuous cell medium flow through the chamber at a flow rate of 1 ml/min. Oxygen concentration, pH (by CO 2 -addition), temperature and flow rate were measured and regulated using a peristaltic pump (TL/15EAD, Medorex e.k) and the related bioreactor control system. Sterilization was done by a transient flush of the system with 70% ethanol (Merck KgaA, Darmstadt, Germany) for 1 h prior to the experiment, with the sample already inserted. Afterwards ethanol was replaced by 250 ml Modified Eagle Medium alpha (α-MEM, Life Technologies, Darmstadt, Germany) with 10 % fetal bovine serum (FBS, PAA Laboratories, Linz, Austria).
Sample preparation
Mg-10Gd-1Nd (10 % gadolinium, 1 % neodymium) samples were produced as tubes. Metallic Mg (99,94 %) was molten in a mild steel crucible under a protective atmosphere (Ar + 2 % SF 6 ). Pure Gd and Nd (99,9 %) were added at a melt temperature of 720 °C, after which the melt was stirred for 30 min at 200 rev min -1 25 . Permanent mould direct chill casting was used to prepare the ingot. The size of the ingot was 20 x12 x 6 cm. The ingot was extruded to a rod with a final diameter of 6 mm (Strangpreßzentrum Berlin, Berlin, Germany). This rod was further processed to a tube with 15 mm length, 1 mm diameter and a wall thickness of 100 µm by tube drawing (G. Rau GmbH, Pforzheim). Sterilization of the final tubes was done by gamma-irradiation (29 kGy, In Core Irradiation facility, Helmholtz-Zentrum Geesthacht).
Metallographic preparation
Specimen were ground using silicon carbide emery paper up to 2500 grit, polished with 1 µm colloidal silica (OPS) and cleaned using ethanol. Etching was performed in a solution containing 8 g picric acid, 5 mL acetic acid, 10 mL distilled water and 100 mL ethanol. Microstructure was characterized using light microscopy (Reichert-Jung MeF3) with a digital camera. A Zeiss Ultra 55 (Carl Zeiss GmbH, Oberkochen, Germany) scanning electron microscope (SEM) equipped with energy dispersive X-ray (EDX) analyzer was used to observe the microstructure at 20 KeV.
Image processing and quantitative analysis
For tomographic reconstruction of the 3D datasets, the algorithm "back projection of filtered projections" 26 was used to yield 32-bit floating-point image-stacks with isotropic voxel size. Segmentation of degradation layers was performed by thresholding in ImageJ 27 . Further image analysis, e.g. edge filtering, histogram analysis and volume measurements to characterize the degradation layers, the location of the corrosion front and volume fractions of bulk material and degradation products were performed in ImageJ as well.
RESULTS
Setup of the bioreactor system
A closed bioreactor system coupled to an in situ corrosion cell was installed and successfully operated in the beamlines BW2 and W2 at the storage ring DORIS III at DESY. A series of measurements documenting Mg degradation was Figure 2 ). However, regulation of CO 2 as buffering gas was constantly achieved around 5 % (Figure 2 ). Although temperature in the bioreactor was constantly regulated at 37 °C, the temperature in the in situ cell was much lower (24 °C).
Qualitative analysis of degradation
An analysis of the histograms over the interval of the time series revealed a change in composition of bulk material and degradation products. It was possible to distinctly discriminate the low absorbing hydrogen, water, magnesium and the alloyed elements (Gd and Nd) (Figure 3 ). Comparing the histograms from early and late time points a new peak appeared in later ones which corresponds to newly formed degradation products (Figure 3 ). On the basis of the measured i.
... absorption it can be stated, that the optical density of the degradation products is lower than that of magnesium. Based on the recorded tomographic image stacks it was possible to qualitatively visualize the degradation front, as well as the change in general morphology over time (Figure 4 ). Overall the general appearance of the sample did not change during the time series of measurements, whereas the degradation front moved throughout the tube wall. This indicates a replacement of the bulk material by degradation products. Due to a trapped air bubble inside the tube the corrosive fluid had no contact to the sample inner surfaces. Therefore, corrosion of the sample started only from the outer surface.
An analysis of the position of the Gd/Nd-segregations revealed a high position stability of the segregations compared to their initial position ( Figure 5 ). In the location of high accumulation of Gd/Nd-segregations also the degradation of the bulk material is higher compared to the average degradation for the respective image slice ( Figure 5 ). Based on metallographic preparations an analysis of the actual microstructure was performed. Micrographs of Mg-Gd-Nd alloy are shown in Figure 6 . It reveals that the alloy grain size is around 10 µm. Large amount of intermetallic phases are distributed in the alloy matrix. This is similar to the segregation observed in the tomographic analysis. From the microstructure analysis it is obvious that Gd and Nd distributions vary in different zones. For their identification, EDX analysis was performed on these zones ( Figure 7 , Table 1 ). Grey particles, like position 1, are frequently found, the EDX analysis of this particle indicates that it is composed of Mg (97.1 at.%), Nd (2.4 at.%) and Gd (0.5 at.%). The white particle (Position 2), having a very regular blocky shape, is chosen as an example, which is extremely rich in Gd (6.0 at.%) and additionally contains Mg (93.7 at.%) and Nd (0.2 at.%). In the Mg matrix, like position 3, there are little Gd (1.4 at.%) and Nd (0.1 at.%) elements.
Edge filtering allowed for an automated identification of the border between degradation products and bulk material. A transformation of the border into polar coordinates enabled the calculation of the mean residual radius which served as a basis to calculate degradation speed. We have identified a depth of penetration of 11.5±1.8 mm/a for the investigated Mg-10Gd-1Nd alloy.
DISCUSSION
Magnesium degradation is a highly dynamic and complex process, especially when physiological conditions are applied 28, 29 . It is highly dependent on the choice of appropriate solutions 30 and on the applied environment 6, 9 , however, just for determining the initial degradation there are nearly no direct methods available. Therefore, our approach focused on the visualization of this initial (hours to few days) stages of degradation.
To apply this methodology at a synchrotron beamline is even more challenging. In our case, the combination of a bioreactor-system with a specially developed flow-cell seems to be a promising approach. It could be shown, that the principle application of such a setup is possible, although some limitations occurred: (I) sterility of the system could not be granted over the whole measuring period. This is mainly due to the fact, that hanging rotation stages were used, which give rise to medium contaminations in the chamber. Although a steady flow of argon was applied above the medium, contamination could not be avoided. This fact may be improved by optimizing the flow chambers accordingly to closed systems. (II) Temperature regulation was not constant for the whole system. This was due to heat loss via the tubing. As the degradation of magnesium is temperature dependent 6 , this issue is not negligible when physiological conditions should be applied. Further experiments have shown that a direct heating of the medium in the in situ chamber could solve this problem.
The application of the developed system including flow in this series of measurements revealed, that the total volume of the tube did not change and that the degradation front moved from the outside to the inside of the sample. This is due to the experimental setup, as the flow was applied perpendicular to the sample and gas accumulation inside of the tube was observed . Therefore, no contact of the degradation medium with the inner part of the tube was possible. As only a proof of principle of the functionality of the setup was the aim of the study, this artificial effect can be neglected. However, when working with real prototypes (like stents or bone screws), this behavior is not expected as these are not solid but penetrable structures 31, 32 . A further interesting aspect of this behavior is that it is comparable to the behavior in vivo, where the stent structure is still visible after 3-4 months, although the degradation was already finished and the magnesium alloy was completely replaced by calcium phosphates [33] [34] [35] .
As an important finding the accumulations of rare earth compounds in the alloy (Gd / Nd), although not individually distinguishable, did not change their position during degradation. This indicates an incorporation in the formed degradation products (most likely calcium phosphates) and to a much lesser extend a release to the environment than theoretically possible. This behavior was observed in other studies 36 and can be attributed to rare earth elements being known to be "Bone homing" elements in vivo by replacing calcium in the crystal lattice of newly formed bone [37] [38] [39] .
CONCLUSION
This proof of principle study demonstrated the feasibility of a modular in situ closed bioreactor sample environment system for quantitative time-lapse analysis of magnesium degradation under nearly physiological conditions by means of synchrotron based microtomography. The developed experimental setup is a powerful tool to study the principle dynamics and mechanisms of magnesium degradation and for the development and characterization of different newly developed high performance magnesium alloys.
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